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Introduction
Irrigation is considered an essential part of root canal treatment as it reinforces the cleaning and disinfection of areas of the root canal system that have been insufficiently affected by instruments (Peters et al. 2001 , Gulabivala et al. 2005 , Paqu e et al. 2010 . Additional cleaning and disinfection are achieved through the chemical and mechanical disruption and removal of bacteria and especially biofilm, pulp tissue remnants, dentine debris and of the smear layer by the irrigant, provided that it can reach them (Gulabivala et al. 2005 , Zehnder 2006 , Boutsioukis & van der Sluis 2015 . Multispecies microbial biofilms in remote areas of the root canal system are the main cause of persistent infections, so they are clearly the main target for removal by irrigation (Ch avez de Paz 2007) .
Syringe irrigation remains the most commonly used method amongst both general dentists and endodontists (Dutner et al. 2012 , Willershausen et al. 2015 ; the irrigant is delivered by a syringe and a needle inserted near working length (WL) and ultimately it flows towards the root canal orifice where it is usually evacuated by a suction tip (Boutsioukis & van der Sluis 2015) . This method is commonly described as a positive pressure irrigation method due to the development of a positive pressure in the apical third of the root canal (Boutsioukis & van der Sluis 2015) . Despite its wide use, it appears unable to clean and disinfect areas beyond the main root canal (Paqu e et al. 2011 , Jiang et al. 2012 . In addition, it has been linked to a number of irrigant extrusion accidents or 'hypochlorite accidents' (H€ ulsmann et al. 2009) .
Negative pressure irrigation is an alternative method for the delivery of irrigants inside the root canal that was proposed in order to minimize the risk of irrigant extrusion through the apical foramen (Nielsen & Baumgartner 2007 , Gutmann et al. 2014 ; irrigants are delivered by a syringe and needle inside the pulp chamber and a fine suction tip placed near WL creates the necessary negative pressure that drives the irrigant into the canal (Nielsen & Baumgartner 2007 , Adorno et al. 2016 . Several studies have compared this method to syringe irrigation and it appears that negative pressure irrigation can indeed prevent irrigant extrusion through the apical foramen in vitro (Boutsioukis et al. 2013) . However, conflicting results have been reported about its cleaning and disinfection potential (Hockett et al. 2008 , Brito et al. 2009 , Howard et al. 2011 , Versiani et al. 2016 .
Therefore, the aim of this study was to systematically review and critically analyse the published data on the treatment outcome and on the cleaning and disinfection of the root canals achieved by negative pressure irrigation as compared to syringe irrigation.
Materials and methods
This systematic review was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Moher et al. 2009 ).
Review question
The following PICO question was addressed:
• Population: adult patients with fully formed permanent teeth undergoing primary endodontic treatment.
• Intervention: irrigation by an apical negative pressure system.
• Comparison: conventional syringe irrigation.
• Primary outcome: treatment outcome (healing of apical periodontitis) determined radiographically.
• Secondary outcomes:
o disinfection of the root canal system. o removal of pulp tissue remnants. o removal of hard tissue debris.
Literature search
Ten key articles were initially selected in order to extract appropriate free-text keywords or phrases and controlled vocabulary terms; these keywords were tested in a series of pilot electronic searches and were further enriched and modified as the search progressed. Nine free-text keywords and 10 controlled vocabulary terms were finally selected ( Table 1) . The electronic search strategy was adapted and applied to six databases: EMBASE (1947 onwards), (Glassman & Charara 2015) , 'Endodontics' (Peters & Koka 2008) , 'Pathways of the pulp' (Metzger et al. 2011 , Peters & Peters 2011 , 'Problems in endodontics: etiology, diagnosis, and treatment' (H€ ulsmann & Rodig 2009 ) and 'Problem solving in endodontics' (Gutmann & Lovdahl 2011) . In addition, a backward search was performed from the reference lists of all full-text articles selected after the screening and of previously published literature reviews on root canal irrigation (Gulabivala et al. 2005 , Haapasalo et al. 2005 , Zehnder 2006 , Sch€ afer 2007 , Gu et al. 2009 , Haapasalo et al. 2010 , Park et al. 2012 ) to identify titles not retrieved by the previous methods. No language restriction was applied to any of the searches.
Study selection
Abstracts were obtained for all the titles identified during the electronic and hand searches. Titles and abstracts were screened by two reviewers (EK and ZP) to eliminate articles that clearly failed to meet the screening criteria (Table 2) . If an abstract was not available electronically, a full-text copy was obtained and evaluated according to the same criteria. In cases of disagreement, the studies were included in the next step for full-text assessment of eligibility.
Full-text copies were obtained for all titles remaining after screening. Articles not in English were translated. The reviewers evaluated further the full-text articles to determine eligibility according to more detailed criteria (Table 3) . Disagreements between the two reviewers at this stage were resolved by discussion with an experienced referee (CB).
Critical appraisal
Eligible studies were critically analysed independently by the two reviewers (EK and ZP) according to predetermined requirements (Table S1 ). These requirements were based on published guidelines for systematic reviews (Higgins & Green 2008 ) and on factors previously reported to affect irrigation efficacy. Disagreements at this stage were resolved by discussion with an experienced referee (CB). A narrative description of methodological limitations was employed. Major • Studies evaluating the quality of root canal or the removal of filling materials
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sources of bias were also highlighted in the tables summarizing the methodology of the studies, and the main direction of the possible bias was taken into account in the synthesis of the evidence and in the formulation of the conclusions.
Data extraction and presentation
Predetermined data (Table S2) were extracted independently by the two reviewers (EK and ZP) and were arranged into data tables. Disagreements were also resolved by discussion with an experienced referee (CB). In order to facilitate comparisons and synthesis of the data, the following modifications were made:
• In cases where more than two groups were available in a study, only the information relevant to the present review was extracted. Any other irrigation methods (e.g. sonic/ultrasonic/manual agitation) or their combinations with either syringe irrigation or apical negative pressure irrigation were excluded.
• In cases where more than one syringe irrigation group was available, only the group irrigated by the finer needle was included. If more than one group was irrigated by different needles of the same size, they were all included.
• In cases where other disinfection methods or medicaments were applied after irrigation, only the data pertaining to irrigation were extracted and analysed.
• When an earlier study or the manufacturer's recommendations were cited in the description of the experiments, additional information was sought from these sources in order to complete the data table.
• If irrigant volume, irrigant contact time and flow rate were not available, they were calculated from other data when possible. All flow rates were converted to mL s À1 .
• Irrigants delivered equally to all groups before or after the main experiment were not included in the calculation of total volume and total irrigant contact time.
• The total irrigant contact time included irrigant delivery time and any rest period, but not the time of instrumentation of the root canal.
• The volume of irrigant and the total contact time were recorded for each root canal separately.
• Logarithmic reduction of the microbial load was calculated from percentage reduction when possible.
• Distances of the evaluated sections from the apex or apical foramen were converted to approximate distances from WL, taking into account the apical end-point of instrumentation and assuming that the foramen coincided with the anatomical apex.
• Percentage of canal cleanliness was converted to percentage of remaining debris by subtraction from 100%.
• When numerical values were not presented in the text or in tables, approximate data were extracted from bar graphs when available.
• In cases where the required data were not reported in the article and they could not be calculated or retrieved from other sources, they were coded as 'Not Reported' (NR).
Results
The combined electronic and hand searches resulted in 489 unique titles. No relevant studies were identified in the clinical trial registries or in the grey literature sources. Abstracts were not available electronically for 18 titles, so full-text copies were obtained directly. After screening of titles and abstracts, 61 titles were selected by at least one reviewer for full-text evaluation (six clinical studies, 55 in vitro studies). The publication dates ranged from 2006 to 2016. These articles were written in English (60) and Spanish (1). No additional articles were recovered from the reference lists of these articles, book chapters and previously published reviews. These studies were subsequently evaluated in full text according to the eligibility criteria, resulting in (Table S3) . One clinical study and 14 in vitro studies were finally included in the systematic review (Fig. 1) . The reviewers' agreement prior to discussion was 93.2% (Cohen's kappa = 0.803). All included articles were written in English. These articles were critically analysed to assess the quality of available evidence and extract the relevant data. None of the included studies provided any data on the primary outcome of interest (healing of apical periodontitis), so it was not possible to address this part of the PICO question. Thus, the studies were further categorized according to the predefined secondary outcome:
• Antimicrobial effect (four studies).
• Removal of pulp tissue remnants (seven studies).
• Removal of hard tissue debris or both hard tissue debris and pulp tissue remnants (four studies).
Critical appraisal
None of the 15 studies fulfilled all the quality requirements set (Table S1 ) or provided all the information required for the data table (Table S2 ).
Specimen selection and preparation
All studies stated the aim or research hypothesis tested, but a-priori sample size calculation was not reported in any of them. Two studies (Shin et al. 2010 , Abou-Alkheir et al. 2015 did not describe random allocation of the specimens to the experimental groups. Equality of the different groups at baseline was also not verified in detail. Four articles did not specify the type of teeth included in the experiments and simply mentioned using teeth with a 'single canal' or 'anterior teeth'. The age of the teeth (donors) was not known in all four microbiological studies; age determines the amount of sclerotic dentine (Vasiliadis et al. 1983) , which may have affected the infection/disinfection procedures (Kakoli et al. 2009 ). The length of the specimens was not standardized in eight studies. Twelve studies did not provide information about the curvature of the root canals, whilst one study intentionally avoided standardizing it (Howard et al. 2011) . Fourteen studies did not take any measure to ensure a similar size, taper and crosssectional shape of the root canals before instrumentation; wide variability in any of these parameters could Figure 1 Flow chart of the literature search and the selection process.
have resulted in a widely variable final root canal shape despite application of the same instrumentation protocol. One of the four studies that assessed the isthmus area did not try to balance the study groups in regard to the presence, position and dimensions of the isthmus (Yoo et al. 2013) . Two studies compared preoperative values of anatomical parameters by statistical tests and presented the lack of a significant difference as proof of equality between groups (Thomas et al. 2014 , Versiani et al. 2016 . However, the absence of a statistically significant difference is merely an indication of insufficient evidence against the null hypothesis rather than proof of equality; depending on the variability within each group and the sample size, even large between-groups differences may remain undetected by such tests (Altman & Bland 1995 , Krysan & Kemper 2002 . Regarding instrumentation, eight studies did not specify and/or standardize the WL. The apical size and taper were standardized either for all specimens or, in the case of matched pairs, for each pair, except for one study that did not provide adequate information about the taper in the coronal and middle third of some specimens (Hockett et al. 2008) . Nevertheless, only one study ensured a strictly standardized final root canal shape (Jiang et al. 2012 ). The precise number of files used was not available in eight of the 13 studies that included irrigation during instrumentation in the comparison between the irrigation methods; lack of this information hindered subsequent calculations of the total volume of irrigant delivered during instrumentation in seven of these eight studies.
Irrigation
The description of the irrigation protocol, which was the main intervention of interest, was also incomplete in several studies. The type and concentration of the irrigants were stated in all studies. Thirteen studies did not mention the size of the syringe, two studies did not clarify the type of needle, and another two studies did not provide information about its size. One study employed a very large needle (25G) for syringe irrigation (Abou-Alkheir et al. 2015) which deviated from current clinical standards and possibly affected the insertion depth of the needle; this may have limited the irrigant penetration (Chow 1983 , Hsieh et al. 2007 , Boutsioukis et al. 2010b . Another study provided conflicting information about the size of the needle (31G vs. 30G) in the main text and in a table (Neelakantan et al. 2016 ). The precise insertion depth of the needle during syringe irrigation was not standardized or reported in five studies. In addition, two studies described needle insertion at a depth that theoretically should not be reachable based on the size and taper of the root canal and the size of the needle (Shin et al. 2010 , Abou-Alkheir et al. 2015 . The volume of each irrigant delivered was not available in seven studies, but two of these studies (Shin et al. 2010 , Saini et al. 2013 ) stated that it was standardized. One study listed only the mean total volume of all irrigants for each group (Nielsen & Baumgartner 2007) . Information about the total contact time for each irrigant was not available in 10 studies whereas one study provided only the total contact time for both irrigants (Brito et al. 2009 ). Nevertheless, two studies (Miller & Baumgartner 2010 , Siu & Baumgartner 2010 mentioned that the contact time was standardized. Eight studies did not provide complete information about the irrigant flow rate during syringe irrigation.
The irrigation procedures in the negative pressure group were generally described in more detail. All studies specified the type of negative pressure irrigation system tested and the type and size of the related cannulas or needles. The precise insertion depth of the macrocannula (EndoVac system; Kerr Dental, Orange, CA, USA) was not detailed in nine studies and that of the microcannula (EndoVac system) or the needle used to irrigate the apical part of the root canal (Endo Irrigator Plus system; Innovations Endo, Nasik, India) was not provided in three studies. The volume of the irrigant(s) delivered was not available in seven studies, but two of these studies (Shin et al. 2010 , Saini et al. 2013 ) stated explicitly that it was standardized. One study listed only the mean total volume of all irrigants for each group (Nielsen & Baumgartner 2007) . The total contact time for each irrigant was not available in 10 studies, but two studies (Miller & Baumgartner 2010 , Siu & Baumgartner 2010 reported that it was standardized. The flow rate was not specified in nine studies.
A direct comparison of the irrigation protocols in the syringe irrigation and negative pressure irrigation groups revealed several inconsistencies that may have introduced bias in the comparisons. Whilst the manufacturer's recommendations for negative pressure irrigation (Kerr 2016) concerning the maximum insertion depth of the microcannula (at WL) were closely followed in all studies evaluating the EndoVac system, three studies (Nielsen & Baumgartner 2007 , Hockett et al. 2008 , Siu & Baumgartner 2010 chose to insert the closed-ended needles at 1.5-2 mm from WL during syringe irrigation; therefore, irrigant penetration to WL was unlikely (Boutsioukis et al. 2010a,b) . In addition, seven studies did not state the insertion depth or the type of needle, so it was not clear whether the irrigant could actually penetrate to WL.
Unequal volumes of irrigants were delivered in the compared groups in three studies (Nielsen & Baumgartner 2007 , Brito et al. 2009 , Jiang et al. 2012 ; in two of these studies, the negative pressure group received 29 mL NaOCl more (Brito et al. 2009) or 26.5 mL of NaOCl and EDTA more than the syringe irrigation group (Nielsen & Baumgartner 2007) , whilst in one study it received 1 mL NaOCl less (Jiang et al. 2012) . The volume of irrigant is known to affect root canal cleaning (Sedgley et al. 2004 , Huang et al. 2008 . Discrepancies were also noted in the total irrigant contact time between the groups. One study reported that the total contact time with NaOCl in the syringe irrigation group was 90 s longer than in the negative pressure group (Hockett et al. 2008) , whilst in another study the contact time for both NaOCl and EDTA was 120-600 s in the syringe irrigation group and 250 s in the negative pressure group (Howard et al. 2011) . Differences in the total contact time could have influenced the chemical effect of irrigation. Moreover, one in vitro study used NaOCl at room temperature (29°C) in the syringe irrigation group and preheated NaOCl (50°C) in the negative pressure group (Neelakantan et al. 2016) without simulating the naturally occurring heat dissipation by the periradicular vascular system (de Hemptinne et al. 2015) . Increasing irrigant temperature is known to accelerate pulp tissue dissolution in vitro (Sirtes et al. 2005) and may have introduced bias in favour of the negative pressure system in Neelakantan et al. (2016) as, clinically, the intracanal irrigant temperature is buffered rapidly (de Hemptinne et al. 2015) .
Regarding the flow rate, no discrepancies were found in the seven studies that provided this information for both groups. However, the flow rate during syringe delivery ranged between 0.03 and 0.11 mL s À1 despite the fact that it can reach values exceeding 0.25 mL s À1 through 30-G needles (Boutsioukis et al. 2007) . The low flow rate may have also limited irrigant penetration (Boutsioukis et al. 2009 ). Furthermore, the flow rate reported for the EndoVac system ranged also between 0.03 and 0.10 mL s
À1
although the maximum flow rate through the microcannula of the EndoVac system is approximately 0.05 mL s À1 (Brunson et al. 2010) . It is likely that the flow rate in these cases reflected the rate of irrigant delivery in the pulp chamber rather than the actual flow rate in the apical third of the root canal; some of the irrigant may have been directly evacuated by the suction hose attached to the delivery tip (Nielsen & Baumgartner 2007) without reaching the root canal.
Secondary outcome assessment
The four microbiological studies utilized infection models with laboratory-type strains of a single species; using monospecies models to evaluate antimicrobials is considered a critical disadvantage in endodontics as real-life root canal infections are polymicrobial (Ch avez de Paz 2012, Kishen & Haapasalo 2012 . Furthermore, laboratory-type strains are also considered disadvantageous as the phenotypes are very distinct from clinical isolates (Ch avez de Paz et al. 2015) . Of importance is also the fact that the four studies did not share consensus regarding the culturing conditions during the infection periods. Whilst all four studies considered that Enterococcus faecalis cultures should be left in root canals for extended periods of time, they all followed different protocols for replacing the spent medium or the inoculum. In addition, the short incubation period in one study (Brito et al. 2009 ) may have resulted in overestimation of the antimicrobial effect of the two irrigation methods (Stojicic et al. 2013) . Two studies (Brito et al. 2009 , Miranda et al. 2013 ) did not include negative control groups. Three studies obtained samples by paper points in order to assess the microbial load in vitro (Hockett et al. 2008 , Brito et al. 2009 , Miranda et al. 2013 ), a method suffering from known limitations (Sathorn et al. 2007b) , and only one study bypassed sampling and opted for pulverization of the apical 5 mm of each specimen (Miller & Baumgartner 2010) . Three studies did not provide information about the logarithmic reduction in the microbial load (Hockett et al. 2008 , Brito et al. 2009 , Miller & Baumgartner 2010 . In addition, one study provided only the number of negative cultures without any information about the microbial load in the positive cultures (Hockett et al. 2008 ) even though a negative culture does not guarantee a sterile root canal (Sathorn et al. 2007b ). Nine of the 11 studies that quantified the removal of hard tissue debris or pulp tissue remnants evaluated only two to three sections of the root canal in the apical third, which comprised a limited twodimensional evaluation, so the findings may not have Negative pressure irrigation Konstantinidi et al. been representative of the true condition of the complete root canal. The amount of debris identified in two studies (Howard et al. 2011 , Thomas et al. 2014 may have been affected by the repeated assemblingdisassembling of the K-cube model (Klyn et al. 2010) as the debris was not fixed. Furthermore, one of these studies (Thomas et al. 2014 ) pooled findings from different levels of the isthmus (2 and 4 mm from WL) into the same group although there may have been considerable differences between these levels. One additional study presented a semi-quantitative evaluation of hard tissue debris removal (through scoring) also based on two-dimensional views of the root canal surface (Jiang et al. 2012) .
Regarding the outcome assessment, only five of the 15 studies conducted blinded evaluation of the specimens. One study (Miller & Baumgartner 2010) reported mean values without any measure of the data variability (e.g. SD). Five studies had errors in the statistical analysis. Three of these studies performed nonparametric tests assuming independent samples to compare repeated measurements on the same specimens or measurements from different areas of the same specimens (Brito et al. 2009 , Jiang et al. 2012 , Neelakantan et al. 2016 , one study conducted post hoc tests following a nonsignificant result of the omnibus test (Saini et al. 2013) , one study conducted pairwise comparisons between the different groups without an omnibus test and without any specific alpha level adjustment to compensate for the inflated type I error rate (Neelakantan et al. 2016) , and one study pooled subgroups having significant differences (Shin et al. 2010) ; repeating the statistical analysis without pooling altered the conclusions to some extent (see next section). Moreover, the summary data of the subgroups (mean, SD) listed in the same study appeared not to be consistent with the pooled summary data of each group. Thirteen studies did not state at all the null hypotheses tested. Eleven studies did not provide exact P-values for all comparisons, and none of the studies calculated any effect size or confidence interval for the differences.
Synthesis of evidence
General Due to the extensive variability in the protocols and reported outcomes, a meta-analysis was not feasible. The available evidence was combined through a qualitative synthesis.
The main aim of all 15 studies was the comparison of different irrigation methods. Three studies also evaluated different instrumentation methods by subdividing each group into subgroups (Hockett et al. 2008 , Shin et al. 2010 , Abou-Alkheir et al. 2015 . Two studies (Shin et al. 2010 , Saini et al. 2013 included more than one syringe irrigation group, but all studies included only a single negative pressure irrigation group. Regarding study design, 14 studies used extracted teeth and one study included teeth that were treated in vivo and subsequently extracted and evaluated in vitro. One study conducted repeated experiments on the same specimens (Jiang et al. 2012) , three studies evaluated matched pairs of teeth (Nielsen & Baumgartner 2007 , Miller & Baumgartner 2010 , Siu & Baumgartner 2010 , and 11 studies compared independent groups of specimens. The sample size ranged from 7 to 31 specimens per group/ subgroup. Eight studies selected specimens with a single root canal, one study included specimens having either one or two root canals in matched pairs (Nielsen & Baumgartner 2007) , and six studies were performed on mandibular molars; one of them evaluated mesial and distal root canals separately (Versiani et al. 2016) , four studies only evaluated the mesial root canals, and one study did not specify which root canals were evaluated (Neelakantan et al. 2016) . The apical preparation size ranged from 25 to 50 and the taper from 0.00 to 0.09.
In total, 14 studies tested the EndoVac negative pressure irrigation system (Kerr Dental) . Twelve of these studies used both components of the system (macrocannula and microcannula), whilst two studies included only the microcannula (Jiang et al. 2012 , Yoo et al. 2013 . Seven studies (Hockett et al. 2008 , Miller & Baumgartner 2010 , Siu & Baumgartner 2010 , Howard et al. 2011 , Saini et al. 2013 , Thomas et al. 2014 , Versiani et al. 2016 ) explicitly mentioned that they followed the manufacturer's recommendations, but none provided a reference to such recommendations, whilst two studies cited earlier publications (Hockett et al. 2008 , Thomas et al. 2014 . One study evaluated the Endo Irrigator Plus negative pressure irrigation system (Innovations Endo) without any reference to the recommendations of the manufacturer (Neelakantan et al. 2016) .
Regarding the size of the needles employed for syringe irrigation, 30-G needles were the most frequent choice (9/15) followed by 25G (1/15) and 31G (1/15). One additional study evaluated both 30-G and 24-G needles in separate groups (Shin et al. 2010 ), but only the former group was included in this review, another study selected either 30-G or 28-G needles depending on the size of the root canal and pooled the results (Howard et al. 2011) , and two studies did not specify the size (Saini et al. 2013 , Thomas et al. 2014 . Eight studies opted for closed-ended needles, four studies tested open-ended needles, one study used both types, and two studies did not provide any relevant information.
The maximum insertion depth of the closed-ended needle was 1.5-2 mm short of WL in four studies. Only one study mentioned placing this type of needle at 1 mm, and four studies did not provide any relevant information. Regarding open-ended needles, they were placed at 1-3 mm short of WL in three studies, whilst no information was provided in two studies. On the other hand, the maximum insertion depth of the microcannula was at WL in all 14 studies that evaluated the EndoVac system; this was stated explicitly (11/14) or by referring to earlier studies (2/14) or to the manufacturer's instructions (1/14). No information was available about the insertion depth of the Endo Irrigator Plus needle in the single study that tested this system (Neelakantan et al. 2016) .
NaOCl at concentrations 2.5-6% and EDTA at concentrations 15-17% were delivered as irrigants in 15 and 13 studies, respectively. The total volume of irrigant per root canal ranged from 5 to 42 mL for NaOCl and from 1.5 to 5 mL for EDTA, whereas one study provided the average total volume of both irrigants, being 15.7 and 42.2 mL in the syringe irrigation and negative pressure group, respectively (Nielsen & Baumgartner 2007) . The irrigants were kept at room temperature in all studies except for one study that used NaOCl at room temperature (29°C) in the syringe irrigation group and preheated NaOCl (50°C) in the negative pressure group (Neelakantan et al. 2016) . A potential conflict of interest was evident in four studies that acknowledged the help or support of either the company producing the negative pressure irrigation system or the inventor.
Antimicrobial effect (four studies)
A summary of the methodology and the results of the four microbiological studies is provided in Tables 4  and 5 . The specimens were inoculated with E. faecalis for periods of 7-42 days. Qualitative verification of biofilm formation on the root canal wall by scanning electron microscopy (SEM) was conducted in two studies (Hockett et al. 2008 , Brito et al. 2009 ). Three studies employed paper point sampling to assess the microbial load, whilst one study (Miller & Baumgartner 2010) chose pulverization of the apical part of the root canal and processed the dentine powder. All four studies cultured the samples in order to assess the microbial load reduction and measured the colony-forming units (CFU) or the number of negative cultures. One study evaluated additionally the morphology of the colonies following Gram staining (Hockett et al. 2008) .
Three studies did not find a significant difference in disinfection between negative pressure irrigation (EndoVac system) and syringe irrigation in teeth with a single root canal (Brito et al. 2009 , Miller & Baumgartner 2010 , Miranda et al. 2013 ; in one of these studies (Brito et al. 2009) , there was possible bias in favour of negative pressure irrigation mainly because of a large difference in the volume of irrigants delivered between the groups. One study concluded that apical negative pressure irrigation (EndoVac system) resulted in significantly more negative cultures in the mesial root canals of mandibular molars (Hockett et al. 2008 ).
Removal of pulp tissue remnants (seven studies)
A summary of the methodology and the results of the seven studies that evaluated the removal of pulp tissue remnants is provided in Tables 6 and 7 . All studies performed decalcification, sectioning, haematoxylin-eosin staining of the sections and evaluation under optical microscope. Five studies examined the main root canal, one study examined both the main root canals and the isthmus in the mesial roots of mandibular molars (Yoo et al. 2013) , and one study examined only the isthmus without stating which roots were evaluated (Neelakantan et al. 2016) . All studies assessed two or three selected sections per specimen at 0-5 mm from WL. The results were expressed as percentage of the two-dimensional surface area of the root canal/isthmus on each section that still contained debris in six studies, whilst one study (Yoo et al. 2013 ) initially provided the percentage of the surface area not containing debris.
Three studies concluded that negative pressure irrigation (EndoVac system) achieved more effective removal of pulp tissue remnants from the main root canal at the most apical section examined (0-1 mm from WL), but not at more coronal levels (2-4 mm from WL) (Nielsen & Baumgartner 2007 , Siu & Baumgartner 2010 , Yoo et al. 2013 ; in two of these studies (Nielsen & Baumgartner 2007 , Siu & Baumgartner 2010 , there was possible bias in favour of Negative pressure irrigation Konstantinidi et al.
Table 4
Summary of the methodology of the microbiological studies. Only the finest cannula used for negative pressure irrigation is mentioned. The maximum insertion depth is reported as distance from WL. The volume of irrigant and the total contact time are reported per root canal; the contact time includes any rest time. The main parameter considered to introduce bias is also shown in bold font negative pressure irrigation mainly because the closed-ended needle in the syringe irrigation group was inserted farther away from WL (2 mm) than the microcannula and/or because the volume of irrigants in the negative pressure group was much larger. The needle insertion depth was not available in the third study (Yoo et al. 2013) . Two studies found better results in the negative pressure group (EndoVac system) at both examined levels (0.5 and 2.5 mm from WL) of the main root canal (Shin et al. 2010 , Abou-Alkheir et al. 2015 . However, in one of these studies (Abou-Alkheir et al. 2015) , there was possible bias in favour of negative pressure irrigation because the needle used for syringe irrigation was too large (25G) and probably could not be inserted close to WL. The second study (Shin et al. 2010) pooled data from subgroups having significant differences in order to analyse the effect of the irrigation method. A recalculation of the one-way ANOVA separately for each apical size followed by Tukey's HSD post hoc test (data not shown) revealed that the specimens in the negative pressure group had significantly less pulp tissue remnants at 0.5 mm from WL but not at 2.5 mm in size 40 root canals (P < 0.001 and P = 0.144), and at both levels in size 60 root canals (P = 0.014 and P = 0.007). No significant difference was found in size 25 root canals (P = 0.222 and P = 0.102). Arguably, the small size of the subgroups (n = 7) may have resulted in low statistical power.
Another study could not detect any significant difference between syringe irrigation and negative pressure irrigation at both examined levels (0.5 and 2.5 mm from WL) of the main root canal (Saini et al. 2013) . One study that evaluated only the cleaning of the isthmus reported significantly better cleaning by negative pressure irrigation (EndoVac system) at all examined levels (0, 2, 4 mm from WL) (Yoo et al. 2013) ; however, no information was provided about the needle position during syringe irrigation. Finally, one study that also evaluated the cleaning of the isthmus found significantly better cleaning in the negative pressure group (Endo Irrigator Plus system) at all examined levels (1, 3, 5 mm from WL) (Neelakantan et al. 2016) ; differences in both the insertion depth of needles and in the irrigant temperature may have introduced bias in favour of negative pressure irrigation in this study.
Removal of hard tissue debris or both hard tissue debris and pulp tissue remnants (four studies) A summary of the methodology and the results of the four studies included in this category is provided in Tables 8 and 9 . Two studies assessed both hard tissue debris and pulp tissue remnant removal under the stereoscopic microscope (Howard et al. 2011 , Thomas et al. 2014 ) using the K-cube model (Klyn et al. 2010) and examined selected horizontal sections of the specimens at 2 and 4 mm from WL. One of them evaluated both the main canals in the mesial root of mandibular molars and the isthmus between them (Howard et al. 2011) , whilst the other evaluated only the isthmus area (Thomas et al. 2014) . The third study (Jiang et al. 2012 ) employed the split-tooth model (van der Sluis et al. 2005) and investigated the removal of hard tissue debris placed in an artificial groove in the apical third of the root canal. The fourth study assessed hard tissue debris removal from the mesial isthmus and the distal canal of mandibular molars by microcomputed tomography (Versiani et al. 2016) . The results were expressed either as percentage of the two-dimensional surface of the root canal/ isthmus that still contained debris in each section (Howard et al. 2011 , Thomas et al. 2014 , as Negative pressure irrigation Konstantinidi et al.
Table 6
Summary of the methodology of the studies on the removal of pulp tissue remnants. All studies were conducted in vitro except Siu & Baumgartner (2010) 
Table 7
Summary of the results of the six studies on the removal of pulp tissue remnants. All studies were conducted in vitro except Siu & Baumgartner (2010) , who treated the teeth in vivo and subsequently extracted them for evaluation. The level of each section is reported as distance from WL. P-values indicating statistically significant differences are shown in bold font Negative pressure irrigation Konstantinidi et al.
Table 8
Summary of the methodology of the studies that evaluated the removal of either hard tissue debris by microcomputed tomography (Versiani et al. 2016) or both hard tissue debris and pulp tissue remnants by stereoscopic microscopy (Howard et al. 2011 , Thomas et al. 2014 , Jiang et al. 2012 . Only the finest cannula used for negative pressure irrigation is mentioned. The maximum insertion depth is reported as distance from WL. The volume of irrigant and the total contact time are reported per root canal; the contact time includes any rest time. The main parameter considered to introduce bias is also shown in bold font S, syringe; EV, EndoVac; CE, closed-ended needle; OE, open-ended needle; MA, macrocannula (EndoVac system); MI, microcannula (EndoVac system); prep, during preparation; final, during final irrigation; NR, not reported.
Table 9
Summary of the results of the studies that evaluated the removal of either hard tissue debris by microcomputed tomography (Versiani et al. 2016) or both hard tissue debris and pulp tissue remnants by stereoscopic microscopy (Howard et al. 2011 , Thomas et al. 2014 , Jiang et al. 2012 . All studies analysed the final amount of debris in the area of interest, except Thomas et al. (2014) who analysed the reduction in the amount of debris. P-values indicating statistically significant differences are shown in bold font percentage of the root canal/isthmus volume occupied by debris (Versiani et al. 2016) or by a 4-point ordinal scale describing the removal of debris from an artificial groove (Jiang et al. 2012) . Two studies evaluated separately the removal of debris during instrumentation and during the final irrigation (Howard et al. 2011 , Thomas et al. 2014 . Two of the four studies concluded that negative pressure irrigation (EndoVac system) reduced debris in the mesial isthmus of mandibular molars significantly more than syringe irrigation (Thomas et al. 2014 , Versiani et al. 2016 . One of them found an advantage both during instrumentation and during final irrigation (Thomas et al. 2014) , whilst the other one only evaluated the complete process (instrumentation and final irrigation together (Versiani et al. 2016) ). One study reported significantly better cleaning of an artificial groove in single-rooted teeth when negative pressure irrigation (EndoVac system) was applied (Jiang et al. 2012) ; in this study, there was possible opposing bias in favour of the syringe irrigation group mainly because of a difference in the volume of irrigants and in the irrigant contact time. One study could not find any significant difference between the two irrigation methods regarding the cleaning of either the mesial root canals or the mesial isthmus, both during instrumentation and during final irrigation (Howard et al. 2011) . Finally, one study did not detect any significant difference between the two irrigation methods regarding the cleaning of the distal root canals of mandibular molars (Versiani et al. 2016 ).
Discussion
Ideally, randomized controlled clinical trials evaluating the long-term radiographic success of root canal treatment would provide the most reliable evidence in order to determine whether or not negative pressure irrigation is more effective than syringe irrigation. The success rate of root canal treatment was defined as the primary outcome of interest during the design phase of this systematic review, but no relevant clinical studies comparing the success rate of cases treated with the two irrigation methods were retrieved during the search. As a result, the present review was limited almost exclusively to laboratory studies that evaluated secondary outcomes, such as disinfection and removal of pulp tissue remnants or hard tissue debris. Therefore, the overall level of the available evidence was low, and no strong clinical recommendations could be justified.
These secondary outcomes have been widely adopted in endodontic research as 'predictors' of the clinically meaningful outcome (healing of apical periodontitis). Perhaps the most relevant one is the microbial load of the root canal system. Microbes are undoubtedly linked to root canal patholosis (Kakehashi et al. 1965 (Kakehashi et al. , M€ oller et al. 1981 , and their persistence is considered the major cause of treatment failures (Siqueira 2001) . However, quantification of the microbial load by paper point sampling (as done in three of four microbiological studies included) has been criticized; the obtained results are unlikely to represent the true microbial load of the specimens and they are considered of limited value in predicting healing (Sathorn et al. 2007b ). In addition, monospecies biofilms do not seem to reflect the nature of real-life infections (Ch avez de Paz 2012, Kishen & Haapasalo 2012 , and the use of laboratory strains in experiments is also considered a major issue; the phenotypic differences between laboratory and clinical strains are apparent and might affect biofilm formation and biofilm community assembly (Ch avez de Paz et al. 2015) .
Other secondary outcomes such as the remaining pulp tissue remnants or hard tissue debris have been frequently measured instead of the microbial load possibly because their quantification is easier. It may be hypothesized that removal of tissue remnants or debris could serve as a 'predictor' for the removal of microbes, but pulp tissue remnants and hard tissue debris may play a more direct role in the development of apical periodontitis; the former may provide a source of nutrition for the surviving bacteria in the root canal (Love 2012 ) and both of them may create a shelter for the bacteria or even interact with the irrigants and limit their action (Haapasalo et al. 2000 , Paqu e et al. 2009 .
A number of clinical studies evaluating different outcomes were retrieved during the electronic search, and their eligibility was assessed based on predefined criteria (Tables 2 and 3 ), but only one of these studies (Siu & Baumgartner 2010) was finally included in this systematic review. Clinical studies evaluating postoperative pain (Gondim et al. 2010) were excluded because although pain may be considered an important patient-centred outcome, it is still a multifactorial and subjective symptom not directly related to the long-term success of the treatment (Sathorn et al. 2008) and it could have also been triggered by root canal instrumentation or filling procedures. Furthermore, clinical studies that evaluated the penetration of radiopaque solutions inside root canals (Munoz & Camacho-Cuadra 2012) were also excluded because they did not provide information on the outcomes of interest and because the penetration of radiopaque solutions may not mimic that of common root canal irrigants (Boutsioukis et al. 2014) .
Several studies, both clinical and laboratory, were excluded due to the nonstandardized instrumentation and particularly due to the varying final apical size ( Table S3 ). The apical preparation size can affect the penetration of irrigants during syringe irrigation (Hsieh et al. 2007 , Boutsioukis et al. 2010a , the maximum flow rate during apical negative pressure irrigation (Brunson et al. 2010 ) and the cleaning and disinfection of the root canal (Falk & Sedgley 2005 , Huang et al. 2008 , Aminoshariae & Kulild 2015 . Therefore, studies lacking standardization of the apical size introduced a known confounder in the comparison and were not considered suitable to answer the current review question unless matched pairs of teeth were used and the size was standardized within each pair (Nielsen & Baumgartner 2007 , Miller & Baumgartner 2010 .
Animal studies (Cohenca et al. 2013 , Rodr ıguez-Ben ıtez et al. 2015 were excluded due to anatomical differences between human and animal teeth (Holland 1992 . Nevertheless, a sensitivity analysis revealed that these studies would not have been eligible even without this restriction either because they included immature teeth (Rodr ıguez-Ben ıtez et al. 2015) or because the instrumentation protocol was not standardized (Cohenca et al. 2013 (Cohenca et al. , 2015 . Moreover, laboratory studies on artificial root canals (Townsend & Maki 2009 , Malentacca et al. 2012 or on cleared teeth (Spoorthy et al. 2013) were also excluded due to the hydrophobic nature of the plastic surface and of the modified (cleared) dentine surface compared with natural dentine which could have had an effect on irrigant penetration (Boutsioukis et al. 2014) .
Laboratory studies not stating explicitly that the apical foramen of all specimens was sealed prior to the irrigation experiments were excluded because it was unclear whether an apically closed system (Tay et al. 2010 ) was simulated and, thus, their clinical relevance was questionable. In addition, studies that evaluated the removal of debris or smear layer under high-vacuum SEM were also excluded due to the fundamental methodological limitations of this method (Gulabivala et al. 2005 , De-Deus et al. 2011 , Zehnder 2012 . Finally, the removal of intracanal medicaments was outside the scope of the present review; current evidence does not support the application of calcium hydroxide as a medicament (Sathorn et al. 2007a ) and the triple antibiotic paste is mainly used in immature teeth (Galler 2016) .
Most included studies suffered from incomplete description and standardization of the protocols even concerning root canal irrigation, which was the main intervention of interest. Furthermore, considerable variability between the studies was evident regarding the syringe irrigation protocol (Tables 4, 6 and 8), a problem that hindered comparisons and the synthesis of the data. This variability could be attributed to the lack of a unanimously agreed or recommended protocol for syringe irrigation; absence of such a protocol allowed for the introduction of bias in the comparisons by selecting suboptimal parameters for syringe irrigation as observed in four studies. On the contrary, the protocols for negative pressure irrigation (EndoVac system) were more consistent possibly because a specific protocol is recommended by the manufacturer of the system (Kerr 2016) . It remains unclear whether a specific protocol is recommended by the manufacturer of the Endo Irrigator Plus.
The recommended protocol for the EndoVac system includes a complicated series of actions to be performed whilst inserting the delivery tip, macrocannula or microcannula at predefined positions inside the pulp chamber or the root canal. These steps are standardized in terms of time (delivery time and rest time) but not in terms of irrigant volume that should be delivered in the root canal. Conversely, syringe irrigation protocols are typically described in terms of volume of irrigants but not in terms of delivery time or rest time. These differences further impeded the comparisons between the two methods. In addition, none of the included studies tried to mimic closely the protocol recommended for negative pressure irrigation in the syringe irrigation group regarding, for example the insertion depth of the needle, the volume of delivered irrigants and the irrigant contact time, even though these parameters are easy to control. The importance of comparing these two irrigation methods under similar standardized protocols was recently highlighted by Adorno et al. (2016) , who showed that differences in the insertion depth of the needle and microcannula may be responsible for differences in the irrigant penetration achieved by the two methods. Inconclusive results were reported by the included studies regarding the secondary outcomes of interest. There is no evidence to suggest superiority of any one method regarding the disinfection of single-rooted teeth, but negative pressure irrigation may be more effective in molars. This method may also be more effective in the removal of pulp tissue remnants from the most apical part of the main root canal (0-1 mm from WL), provided that the needle used for syringe irrigation is placed more coronally; this advantage may not present farther coronally. An advantage for negative pressure irrigation may also exist in the apical part of the isthmus in molars. Regarding the removal of hard tissue debris from the main root canal, there is no evidence that negative pressure irrigation provides an advantage, but it may be more effective in isthmuses and uninstrumented oval extensions, although contradictory findings have also been reported. The included studies were generally limited by inadequate standardization, laboratory models not mimicking in vivo conditions and poor description of the protocols. Thus, it appears that there is insufficient evidence to claim a general superiority of any of these two irrigation methods. Randomized controlled clinical trials evaluating the effect of each irrigation method on the long-term outcome of root canal treatment are needed in order to obtain more reliable information and should be designed taking into account the limitations of previously published studies.
Conclusions
The included studies were limited by inadequate standardization, laboratory models not mimicking in vivo conditions and poor description of the protocols, and only provided information about the secondary outcomes. There is insufficient evidence to claim general superiority of any of these two irrigation methods. The level of the available evidence is low, and the conclusions should be interpreted with caution prior to any modification of clinical protocols.
